Estimates of the intrarenal hematocrit ratio vary widely, depending on the techniques used for its determination. Computation of blood volume from the product of mean transit time of labeled erythrocytes and albumin, and minute volume blood flow, yields values averaging approximately 90% of the systemic vessel hematocrit. To the other extreme are values that are slightly less than half of the systemic hematocrit ratio based on the determination of total renal blood volume by labeled red cells and albumin. Intermediate values are obtained by methods involving draining the blood from the kidney and measuring its hematocrit ratio. The current investigation, by a technique of circulatory stop-flow, has shown that a substantial fluid shift occurs in the kidney within 2 minutes of circulatory arrest, so that interstitial fluid, supplemented by fluid reabsorbed by the nephrons, dilutes the erythrocytes within the peritubular capillaries to reduce the hematocrit ratio to almost half of the systemic figure. The drainage methods are subject to error as a result of this mechanism, but if such fluid shifts are taken into account, values for the intrarenal hematocrit closer to the ratio of systemic blood can be anticipated.
• Knowledge of the hematocrit ratio or organ blood is extremely important in understanding blood flow distribution and hemodynamics of body organs (1) . This has been of particular interest with reference to the kidney, for which a wide range of intrarenal hematocrit ratios have been reported, largely related to different techniques of measurement. Thus, values have been reported of approximate equality to the systemic hematocrit by techniques that estimate blood volume, and in turn hematocrit, as the product of mean transit time and minute volume flow (2, 3) . The calculated volume by this technique Indiana Indiana by ranges from 20 to 24 ml/100 g kidney, with kidney hematocrit-large vessel hematocrit ratio of about 0.90. To the other extreme is the method employing labeled cells (Cr 51 , P 32 ) and labeled albumin (T-1824, I 131 ), which yields the largest volume, averaging 27 ml/100 g kidney (1, (4) (5) (6) (7) (8) with the renal blood hematocrit ratio averaging 20%, slightly less than half of the systemic hematocrit ratio. Another technique, drainage of blood and subsequent washout, gives intermediate values for the renal hematocrit (9, 10) .
The hematocrit ratio has been the basis of speculation about the mechanism of intrarenal blood flow distribution, whereby there might be disproportionate flow of plasma and cells through different zones of the renal vasculature related to the phenomenon of plasma skimming. The older notion of the cell separation hypothesis of Pappenheimer and Kinter (8) was based on the apparently low hematocrit ratio. The question has current relevance in terms of the distribution of cells 670 SELKURT, LAURENCE and plasma in varying proportions to the cortex and medulla of the kidney. One of the important concerns about many techniques involving distribution of cells and plasma in the kidney is the fact that as soon as the kidney's circulation is interrupted (ligation of artery and veins preparatory to subsequent handling), capillary pressure decreases below that of the plasma colloid osmotic pressure, and redistribution of fluid from the interstitium into the capillary circulation can be anticipated, resulting in dilution of capillary blood and decrease of the hematocrit ratio. This is particularly relevant to techniques in which drainage of blood is the basis for the assessment of hematocrit (9, 10) .
The purpose of the present investigation was to examine the dynamic factors concerned with the redistribution of fluid in the kidney circulation during brief periods of combined occlusion of the artery and vein, followed by a fractional collection of the venous effluent, in effect, for stop-flow analysis of the renal circulation.
Methods
Large mongrel dogs weighing 20 to 30 kg were anesthetized with pentobarbital anesthesia, 30 mg/kg iv. A flank approach was made to the kidney to expose the renal pedicle. After heparinization (2 mg/kg), the renal vein was cannulated with a thin-walled metal cannula (5 mm o.d.) and blood was shunted into a jugular vein cannula (5 mm o.d.). The shunt was arranged so that the blood could be diverted into a fraction-collecting device, which consisted of a circular plexiglas head with closely spaced wells around the periphery, supported by a monodrum rotated at the desired speed. Femoral veins were catheterized for infusion of solutions and injections, and arteries for blood sampling and recording of systemic blood pressure. A compression clamp on the external shunt circuit was adjusted so that renal vein pressure was kept constant during diversion of flow into the collecting wells. Pressures were recorded on an Offner Dynograph with Statham P23 AA transducers. The ureter of the kidney was catheterized so that clearances of PAH and inulin could be monitored before and after the clamping procedure. In some instances, the extraction ratio of PAH was measured.
The procedure of the experiment was to establish relatively constant blood levels of PAH and inulin, and then to clamp (simultaneously) the renal artery and vein for 2 minutes. With the circulation halted, a 100-mg dose of T-1824 was injected intravenously to label the systemic blood and serve as a marker for new blood entering the kidney when the circulation was subsequently reestablished. Upon release of the occlusion, the renal venous effluent was diverted into the fraction collector for a period of less than 30 seconds (11 to 26), with the total accumulation averaging about 65 ml, and serial samples of a volume of approximately 2.5 ml each. Individual samples were removed from the collection receptacles and, after measuring the volume, centrifuged in Wintrobe hematocrit tubes at a speed of 2,000 rpm for 30 minutes. No correction was made for trapped plasma in recording the hematocrit ratio. After the measurement of the hematocrit ratio of each sample, plasma was removed for the analysis of inulin and T-1824 and the measurement of osmolality. These three measurements will be emphasized in the present report, although PAH was usually measured, and in some instances sodium and potassium. Inulin was determined by the technique of Schreiner (11) , and PAH by the method of Smith et al. (12) . Plasma osmolality was measured with an Advanced Instruments, Inc., freezing-point depression apparatus, and T-1824 by a routine colorimetric method. Results of analysis of the clearance and extraction ratio of PAH established that the 2-minute clamping procedure and subsequent small hemorrhage into the fraction collector had no significant influence on renal function.
Results
Analysis of the stop-flow patterns showed that all significant changes had occurred with an effluent volume of not more than 40 ml; therefore, in the presentation of data the stopflow profiles will involve an analysis of an average of 14 serial samples for hematocrit ratios, inulin concentration, and influx of T-1824. A representative experiment appears in Figure 1 . Venous pressure rose rapidly within 5 seconds of occlusion from a control value of 3.5 mm Hg ( S D ± 0 . 6 ) to 12 (±1.9), then somewhat more slowly to a stabilized value of 15.5 mm Hg (± 1.65). Although renal arterial pressure was not directly measured, it is assumed on the basis of previous experience (13) that it came rapidly into equilibrium with the venous pressure, so that the stabilized venous pressure would reflect the capillary Table 1 . Two-minute period of stop-flow. KW = kidney weight; RBF = renal blood flow.
INTRARENAL HEMATOCRIT RATIO

FIGURE 1
Representative experiment showing effects of simultaneous occlusion of renal artery and vein on renal hematocrit. For method of calculating total H 2 O uptake and inulin-free (tubular reabsorbate) uptake, see text and
hydrostatic pressure with reasonable accuracy. In the experiment of Figure 1 , therefore, the plasma colloid osmotic pressure of 30 mm Hg favored the influx of fluid into the capillaries during the period of cessation of blood flow by a net positive value of about 15 mm Hg.
This was found in the representative experiment to result in a decrease of hematocrit ratio from a control value of about 44% to 24% in the stop-flow blood, demonstrating movement of fluid from the interstitium into the peritubular capillary circuits during the 2 minutes of occlusion. When occlusion was released, new systemic blood, as indicated by the rising concentration of T-1824, progressively restored the hematocrit ratio to its preocclusion value. It can be noted that the inulin concentration in the renal vein plasma decreased progressively parallel to the fall of hematocrit ratio, indicating the entry of inulin-free fluid into the capillaries from the interstitium, and in turn from the tubular fluid. Thus, it is reasonable to assume that reabsorption-replacement continued during the period of vascular occlusion, with the 
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resultant entry of inulin-free fluid into the interstitium and then some of it rapidly moving into the capillary fluid.
The change of hematocrit ratio afforded the opportunity to calculate volumetrically the rate of entry of fluid from the interstitium and the tubular fluid into the stagnant capillary plasma compartment. The amounts entering per unit of volume of venous blood collected are shown in Table 1 . The basis for the calculation of the entry of new fluid assumes that the volume of red cells in each sample will be accompanied by a volume of plasma comparable to that which existed in the freeflow venous blood before and after obstruction of the artery and vein, and that an increase in volume above this assumed control value would represent influx of interstitial fluid. With this assumption, the entry of new water could be readily calculated. Using a similar rationale, the decrease in the inulin concentration in the stop-flow blood, compared to the free flow, would supply an index for the calculation of tubular fluid "inulin- free" water which entered the interstitium and found its way into the capillary fluid. The basis of the calculation here would be the assumption that the decrement of concentration of inulin in the stop-flow venous blood would be proportional to the dilutional effect of inulin-free fluid entering the system. In Figure 1 it can be seen that the water uptake rises to a peak of about 1.5 ml in the fourth sample collected, coinciding with the greatest dip of the hematocrit ratio. The entry of new systemic blood upon release of occlusion is noted by the rising curve of the T-1824 dye concentration. Summation of the sample by sample volumes up to a total blood accumulation of 45 ml gives a rising curve (bottom of figure) with the final cumulative volume of 5.3 ml of fluid collected in the capillary fluid resulting from 2 minutes of occlusion. The inulin-free water shows a profile comparable to that of the general pattern of water uptake, also with a peak at the lowest hematocrit value. The cumulative uptake of inulin-free fluid during the 2 minutes of occlusion was slightly less than 1 ml in this experiment. Figure 2 is the summary of eight satisfactory experiments showing a change in hematocrit ratio from a control average of 42 to 29.5% during the occlusion period. This involved an average influx of 4.5 ml of fluid, of which approximately 2 ml was inulin-free fluid originating from tubular urine. In order to allow grouping of the data, the T-1824 values were presented as percent of final flow concentration after release of the obstruction, and the inulin concentration was given as percent of the initial free-flow renal venous plasma concentration.
The venous blood osmolality showed no change during the clamping of the vein and artery and the subsequent flux of fluid from the nephron through the interstitium into the capillary fluid. The average value for the control was 331.6 milliosmols/liter. During the peak change of the hematocrit and inulin concentration, the value averaged 331.7; the subsequent free-flow osmolality averaged 329.1 milliosmols/liter. No increment was observed which might have localized the increased osmolality of the plasma of the vasa recta loops in the papilla. Evidently, with resumption of free flow, equilibration to isosmolality was rapidly attained before the stagnant blood emerged.
Discussion
The data show that a relatively brief interruption of the renal circulation leads to a rapid decrement of the hematocrit ratio, on the average from 42% to 29.5%. The lowest individual values obtained in the entire series actually averaged 23.5%, the higher normalized value of Figure 2 resulting from dispersion of the hematocrit values relative to the cumulative venous outflow, which varied somewhat from animal to animal because of difference in kidney size and blood flow rate. The maximal dilution of the hematocrit to 56% of the renal vein value came about because of the favorable gradient of influx of fluid created by the positive value of 15 to 20 mm Hg in plasma colloid osmotic pressure. This is in agreement with the observations of Swann et al. (10) in which the hematocrit of the fluid drained from the vessels of the kidney showed an average value of 27%, compared with 42.8% in the arterial and 43.7% in the venous blood. The protein in the "diluting fluid" was also reduced from an average of 4.6 g/100 ml in the control venous plasma to 2.0 in the drained fluid. The diluting fluid according to them came from the interstitium, undoubtedly by the mechanism outlined above. They did not believe that the diluting fluid was directly contributed to by drainage of tubular urine from the pedicle (via the ureter) to any significant extent. Our calculations in fact show that the tubular fluid contributes indirectly via the interstitium.
Polosa and Hamilton (9), who employed a technique of excising the kidney and draining the blood by gravity for 15 minutes, then washing out the residual vascular content by perfusion with saline, found a combined average hematocrit of 69% of the venous effluent blood. Vascular volume was 25.9 ml/10 g of the distended organ. The drainage volume was 74% of the total collect-Circulation Research, Vol. XXV, December 1969 ed, and had an average value of 87% of the venous hematocrit. If we consider the hematocrit of all blood trapped in the kidney by the stop-flow procedure (upper curve of Figure 2 between the limits of the dead space, 2.5 ml, and the plateau of the T-1824 concentration), the average value is 34.8%, or 82.5% of the hematocrit of the venous effluent blood during free flow. The decrement in hematocrit of 8.7% of venous blood per minute agrees closely to the average decrement of the first 2 minutes of the drainage period, 9%, of the data of Polosa and Hamilton. Thus, the reduction of hematocrit in their results must also have involved the influx of fluid during the drainage period by a similar mechanism. By logical back-extrapolation it can be inferred that if correction were made for this effect, a negligible difference in the drainage blood and the renal vein blood hematocrit would exist. The final 26% of the total blood recovered by saline perfusion of the organ was very low in red cells but had a higher percent of albumin and was conceived to be largely excess plasma left adjacent to the inner wall of small vessels after plasma skimming had occurred; it was believed not to contain ultrafiltrate. Accepting this explanation at its face value, the correction can be applied to the final hematocrit by taking the same drainage volume hematocrit as the venous hematocrit (0.42); then the corrected final hematocrit would average 76% of the renal vein blood, a value in better agreement with the transit time, volume flow method. 1 To the extent that influx of ultrafiltrate might continue during the washout procedure, the cell proportion would be even higher, if correction were made to the true plasma volume. The same criticism would apply to the data of Swann et al., and if the proposed correction were taken into account, would also restore the renal blood hematocrit toward the systemic hematocrit ratio.
On the other hand, when techniques are employed which largely eliminate the dilutional effect, the hematocrit of the renal venous effluent is very close to the systemic arterial blood. Morgan (14) placed a dog kidney, continuously pressured with blood from a carotid artery into a chamber filled with saline solution and intermittently stopped flow and expressed blood from the renal vessels (largely venous and presumably capillary) by increasing the pressure to 300 mm Hg in the chamber. The samples showed hematocrit values 97% of arterial blood. When techniques such as Morgan's are used, or if corrections are made for the diluting effect of the influx of fluid from interstitium to capillary fluid involved in the drainage and perfusion techniques, then the intrarenal hematocrit ratio approaches that of the systemic hematocrit, and is also in better agreement with the kidney hematocrit-large vessel hematocrit ratio of about 0.90 deduced from the mean transit time, volume flow method (2, 3) . These findings tend to impugn the validity of the intrarenal hematocrit based on the techniques involving the injection of labeled erythrocytes (Cr 51 , P 32 ) and labeled albumin (T-1824, I 131 ) with subsequent analysis of distribution in selected homogenized tissue samples (4) (5) (6) (7) . Measurement of hemoglobin content has also served to assess erythrocyte volume (8) . All of these methods yield large total blood volumes and hematocrit ratios averaging 20%, slightly less than half of the systemic hematocrit ratio.
It would be reasonable to assume that the low hematocrit estimated by the latter method is the result of computation of abnormally large plasma volumes. The most likely possibility is that the use of the albumin label as a measure of plasma volume is a source of error, and that it measures substantially more than the plasma volume of the renal circulation. Criticism against the method has been leveled by several workers in the field (15) (16) (17) (18) (19) (20) . Baker lr The drainage volume in 8 experiments (9) was 19.2 ml, with hematocrit 0.87% of vein blood; residual volume was 6.7 ml (hematocrit 0.18 of venous blood). If the drainage volume is corrected to the venous hematocrit by removing "influx" volume, the corrected relation is 7 ml of cells plus 9.7 ml of plasma (hematocrit 0.42). To this is added the residual blood (0.5 ml of cells plus 6.2 ml of plasma), to give a final cell volume of 7.5 ml, a final plasma volume of 15.9, and a hematocrit ratio of 7.5/23.4= 0.32. This is 0.76 of the venous hematocrit (0.32/0.42 = 0.76). and Wycoff (15) have shown that body hematocrit is about 0.85 of the blood in large vessels when plasma volume is measured by tagged albumin, and 0.97 when measured by the larger molecule, tagged fibrinogen. There is ample reason to believe that labeled albumin leaves the renal vasculature to such an extent that it gives erroneously large measurements of the plasma compartment, and in turn the total renal blood volume.
There are three possible sources of loss and hence sources of error in this method. First, the albumin molecule will leak out of the capillaries into the interstitial space where it will accumulate and ultimately enter the lymphatic channels of the kidney (16) (17) (18) (19) (20) (21) . Second, labeled albumin would filter through the glomerular membranes of the kidney to a limited extent and accumulate in the fluid of the nephrons and in tubular cells, thus adding a portion of the tubular fluid volume to the calculated intra vascular volume (22) (23) (24) (25) . Third, there is ample evidence that albumin is concentrated in the medulla of the kidney by the countercurrent exchange mechanism, possibly by short circuiting of water across the loop of Henle (26) (27) (28) . To the extent that albumin accumulates here it will yield erroneously high values for the calculation of the intravascular plasma volume, thus adding to the total error involved in the measurement of the apparent renal plasma volume (16, 18, 19, 20, 29) . It is noteworthy that red cell volume per gram of tissue is very similar in the inner medulla and the cortex (5, 30) so that the low apparent hematocrit in the medulla could be the result of the large "apparent" albumin space.
Ullrich et al. (28) calculated values for the dog kidney based on micropuncture of the vasa recta (31). The hematocrit ratio of 45% was assigned to cortex (70% of kidney weight), and outer medulla (20%). A low hematocrit (20%) was found in the papilla, but this makes up less than 10% of the total kidney weight. Thus, the total renal hematocrit would average 42.8%, or 95% of the systemic hematocrit ratio, using their estimates of blood volume in each zone (28) .
On the basis of the hematocrit ratios and renal blood volumes calculated by the mean transit time and mean flow technique and given support by the improved values obtained by the drainage techniques, it appears reasonable to conclude that the true renal hematocrit ratio lies somewhere in the range of 80 to 100& of the systemic hematocrit. The method of Morgan lends strong support to this probability. A figure of 90% may represent a reasonable approximation.
